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Electro-optical detection has proven to be a valuable technique to study temporal profiles of THz pulses with pulse
durations down to femtoseconds. As the Coulomb field around a relativistic electron bunch resembles the current
profile, electro-optical detection can be exploited for non-invasive bunch length measurements at accelerators. We have
developed a very compact and robust electro-optical detection system based on spectral decoding for bunch length
monitoring at the European XFEL with single-shot resolution better than 200 fs. Apart from the GaP crystal and the
corresponding laser optics at the electron beamline, all components are housed in 19 ” chassis for rack mount and
remote operation inside the accelerator tunnel. An advanced laser synchronization scheme based on radio-frequency
down-conversion has been developed for locking a custom-made Yb-fiber laser to the radio-frequency of the European
XFEL accelerator. In order to cope with the high bunch repetition rate of the superconducting accelerator, a novel linear
array detector (KALYPSO) has been employed for spectral measurements of the Yb-fiber laser pulses at frame rates
of up to 2.26 MHz. In this paper, we describe all sub-systems of the electro-optical detection system as well as the
measurement procedure in detail, and discuss first measurement results of longitudinal bunch profiles of around 400 fs
(rms) with an arrival-time jitter of 35 fs (rms).
I. INTRODUCTION
Electro-optical (EO) detection exploits electromagnetic
field-induced birefringence in electro-optically active crys-
tals. Probing the induced birefringence with a laser pro-
vides a measurement of the temporal profile of fast chang-
ing fields. By combining femtosecond laser pulses with crys-
tals with cut-off frequencies of up to several terahertz, such as
GaP (gallium phosphide) or ZnTe (zinc telluride), sampling of
electromagnetic pulses with sub-picosecond resolution can be
realized.1–4 Among a manifold of applications in the field of
laser-based THz spectroscopy5–7, EO detection can be applied
at an accelerator for temporal profile measurements of elec-
tron bunches by probing their Coulomb field. The Coulomb
field resembles the current profile for relativistic electrons
and, therefore, EO detection offers the possibility of realizing
a non-invasive longitudinal bunch profile monitor with fem-
tosecond single-bunch resolution.8–13
X-ray Free-Electron Lasers (XFELs) generate X-ray pulses
with unprecedented peak brilliance and femtosecond pulse
durations, thus enabling the investigation of dynamics in
matter on femtosecond time scales. The European XFEL
(EuXFEL)14 comprises a superconducting linear accelerator
that delivers electron bunches at a repetition rate of up to
4.5 MHz in trains of up to 2700 bunches every 100 ms. The
electron bunches can be distributed between three undula-
tor beamlines where they generate femtosecond laser-like X-
ray pulses at tunable wavelengths between 0.05 nm and 6 nm.
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This concept allows simultaneous operation of up to three user
experiments which significantly benefit from the large number
of generated X-ray pulses.15–17 The generation of the X-ray
pulses is based on the self-amplified spontaneous emission
(SASE) process which requires short electron bunches with
high peak currents of several kA. This is realized by com-
pressing stepwise the initially several picosecond-long elec-
tron bunches created at the photo-cathode gun in three mag-
netic bunch compressor chicanes between the four accelerat-
ing sections. For the setup and control of the bunch compres-
sion process, monitoring of the longitudinal bunch properties,
i.e. longitudinal bunch profile, beam energy and arrival time,
is essential.
Transverse deflecting structures18,19 provide excellent time
resolution for longitudinal bunch profile measurements. Sin-
gle electron bunches are streaked, by which the longitudinal
coordinate is transformed into a transverse coordinate, and
then imaged on a view screen by a 2D camera system. How-
ever, the bunch properties are degraded by the view screen
which inhibits the SASE process, and the 2D camera systems
cannot cope with the high repetition rate of superconducting
accelerators. In this paper, we present a compact EO detec-
tion system designed for non-invasive longitudinal bunch pro-
file monitoring with MHz repetition rates at the EuXFEL. The
EO detection system has been installed inside the accelerator
tunnel downstream of the second bunch compression chicane
at a beam energy of 700 MeV. The time resolution of about
150 fs matches the design bunch lengths (rms) in the range
200 fs to 300 fs for bunch charges between 100 pC and 1 nC,
respectively.20
In Sec. II, we provide an overview on EO techniques for
THz pulse detection. In Sec. III, we describe the individual
sub-systems of the EO detection system including the Yb-
fiber laser (Sec. III A), optics setup with GaP crystal at the
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accelerator beamline (Sec. III B), novel laser synchronization
scheme (Sec. III C), and spectrometer with the MHz line de-
tector KALYPSO21 (Sec. III D). In Sec. IV we discuss first
results of longitudinal bunch profile and bunch arrival-time
measurements. Sec. V provides a summary and conclusions..
II. ELECTO-OPTICAL TECHNIQUES FOR THZ PULSE
DETECTION
The electro-optical effect in GaP or ZnTe is dominated by
the Pockels effect and, therewith, depends linearly on the elec-
tric field strength of the THz pulse for field strengths of up to
MV/m. For a laser, passing through an EO crystal, the two or-
thogonal components of the laser polarization, oriented along
the principal axes of the crystal, receive a relative phase shift
of
Γ=
2pid
λ
(n1−n2) = 2pidλ n
3
0r41ETHz , (1)
where λ is the laser wavelength, d the thickness of the crys-
tal, and n1 and n2 are the refractive indexes along the princi-
pal axes. n0 is the refractive index of the (isotropic) crystal
at vanishing electric field, r41 its EO coefficient and ETHz is
the applied electric field. Using wave plates and a polarizer,
this relative phase shift or polarization rotation can be trans-
ferred into an amplitude modulation of the transmitted laser
light and easily measured with a photodiode or spectrometer.
Setting the wave plates and polarizer to cross polarization, i.e.
the non-rotated part of the laser is fully blocked, leads to an
amplitude which is proportional to Γ2 and therefore to E2THz.
Introducing an additional phase shift by a half-wave plate ro-
tated by an angle θ in front of the polarizer results in an am-
plitude modulation which is proportional to Γ and ETHz for
Γ θ on top of a constant background.22
Phonon resonances in the crystal lead to a frequency depen-
dence of the refractive index n0. This results in a frequency-
dependent mismatch of the phase velocity of the electric field
at THz frequencies and the group velocity of the laser pulse.
It is customary to introduce an EO efficiency by a complex re-
sponse function G( f ,d), which depends on the frequency of
the THz field f and crystal thickness d. It includes the effects
on the detected field from the frequency-dependent mismatch
as well as from the absorption and reflection at the crystal
surface. One can now replace the field ETHz in Eq. 1 by an ef-
fective detectable field Eeff =ℜ(r41 ·G) ·ETHz which includes
the frequency dependencies of both EO efficiency G( f ,d) and
EO coefficient r41.12,23,24 These frequency dependencies limit
the range of detectable frequencies and, therewith, the time
resolution that can be achieved for the temporal profile of the
THz pulse.25 As an example, the frequency behavior of a GaP
crystal has been calculated for three different thicknesses d at
a laser wavelength of 1050 nm based on literature data26 and is
depicted in Fig. 1. With increasing crystal thickness d, the up-
per limit of the detectable frequencies decreases from 8 THz
for thin GaP crystals below 100µm to about 4 THz for a 2 mm
thick crystal. On the other hand, the relative phase shift Γ and
related thereto the EO signal intensity increase linearly with
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Figure 1. Frequency dependence of real part of EO efficiency G( f ,d)
and EO coefficient r41 for a GaP crystal at a laser wavelength of
1050 nm for three different crystal thicknesses. Calculation based on
literature values.26
the crystal thickness.
Aside from EO sampling1, where a series of THz pulses is
sampled with a short laser pulse by varying the time delay be-
tween the laser and THz pulse, other EO detection techniques
have been established to realize single-shot resolution. The
temporal profile of a single THz pulse can be encoded either
in the transverse profile of a laser pulse (spatially-decoded
EO detection)2 or in the spectrum of a chirped laser pulse
(spectrally-decoded EO detection).3 Alternatively, the tempo-
ral profile of the modulated laser pulse can be measured by
a single-shot laser cross-correlator (temporally-resolved EO
detection).4
All of the above mentioned techniques have different
drawbacks.22 Temporally-resolved EO detection requires a
high laser pulse energy of several hundred µJ to realize a
single-shot laser cross-correlator, and any dispersion of the
laser pulse after the EO crystal will influence the measured
temporal profile and has to be avoided or compensated. For
spatially-decoded EO detection, the laser has to be focused
to a line on the EO crystal and afterward imaged to a line
camera, which requires a significant amount of imaging optics
and detection electronics close to the electron beamline. For
the EO detection based on spectral decoding (EOSD), a short
(<100 fs), broadband laser pulse is stretched in a dispersive
material or grating stretcher to get a several picosecond-long
chirped laser pulse with a known frequency-time relation. The
part of the laser pulse that overlaps with the THz pulse gets
modulated, and the temporal shape of the THz pulse can be re-
trieved from the modulation of the spectral intensity distribu-
tion of the laser pulse. Frequency mixing between the chirped
laser and THz pulse, which leads to signal distortions and be-
comes severe for strongly stretched laser pulses and short THz
pulses, limits the achievable time resolution for the measured
temporal profile of the THz pulse.24
EOSD was chosen as the best candidate to realize a reli-
able and robust longitudinal bunch profile monitor inside an
accelerator tunnel. The required laser system can be realized
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Figure 2. Scheme of the EOSD setup inside the EuXFEL tunnel. An
optics setup is mounted directly at the electron beamline, all other
sub-systems are accommodated in a radiation shielded and tempera-
ture stabilized rack. (PBS: polarizing beam splitter, WP: quarter- and
half-wave plates, PD: photodiode)
compact, and the laser pulses can be guided to the optics setup
at the accelerator beamline and back to the spectrometer via
short optical fibers, while dispersion in front of the EO crystal
is compensated within the optics setup. Assuming reasonable
parameters for the chirped laser pulse, the resulting signal dis-
tortions due to frequency mixing are small enough to achieve
a time resolution of about 150 fs.
III. EOSD LONGITUDINAL BUNCH PROFILE MONITOR
In order to achieve a compact and robust design for a diag-
nostics system to be placed inside an accelerator environment,
all sub-systems except the optics setup, which is mounted to
the electron beamline and holds the GaP crystal inside the ac-
celerator vacuum, are designed to be housed in 19 ” chassis
and installed in temperature-stabilized and radiation-shielded
racks underneath the electron beamline. The total height of all
19 ” chassis adds up to 18 rack units (RU). Furthermore, the
EOSD setup has been designed to be fully remote controllable
as it is inaccessible during accelerator operation.
A schematic layout of the EOSD setup is depicted in Fig. 2.
It consists of four major sub-systems, which are described
in detail in the following sub-sections: (Sec. III A) an Yb-
fiber laser (4 RU) which is connected via an optical fiber to
(Sec. III B) the optics setup at the electron beamline with
the supporting control electronics (4 RU); (Sec. III C) the
laser synchronization to the radio-frequency (RF) reference
of the accelerator with analog electronics (5 RU) and fast dig-
ital control realized in MicroTCA.427 (2 RU), which is the
crate standard at the EuXFEL for the accelerator control; and
(Sec. III D) a grating spectrometer (3 RU) which incorporates
the linear array detector KALYPSO for spectral measure-
ments of the laser pulses at repetition rates of up to 2.26 MHz.
Figure 3. Photograph of the Yb laser including the oscillator with the
fiber and free space part. The single-pass amplifier is mounted on top
of the oscillator inside the same housing (photo: D. Nölle, DESY).
A. Ytterbium fiber laser system
The layout of the laser has been optimized for the gener-
ation of short laser pulses with a broad spectral distribution
as required for the EOSD technique. The current version has
been adapted from the original design developed at the Paul-
Scherrer-Institute (Switzerland)28,29 to fit into a 19 ” chassis
with 4 RU. A photograph of the Yb laser, which consists of
an oscillator and single-pass amplifier, is shown in Fig. 3. The
laser oscillator consists of a fiber part including an Yb-doped
gain fiber and a free space part which comprises a grating
compressor to compensate the dispersion of the fiber and other
components for the mode locking mechanism based on non-
linear polarization evolution.30 A piezo fiber stretcher is used
to synchronize the oscillator to a repetition rate of 54 MHz,
which is the 24th sub-harmonic of the 1300 MHz RF refer-
ence signal of the accelerator (see Sec. III C for a detailed de-
scription). The laser oscillator is mounted to a 30 mm thick
aluminum base plate which is temperature stabilized to a few
mK (peak-to-peak) inside the 19 ” chassis.
After the oscillator, a second grating compressor adapts the
dispersion in order to optimize the pulse width for the fol-
lowing fiber amplifier. An acusto-optical modulator (AOM)
is used to generate a replica of the electron bunch pattern,
i.e. millisecond-long bursts at 1.13 MHz or 2.26 MHz with a
repetition rate of 10 Hz, which allows to boost the pulse en-
ergy in the amplifier without increasing the average power of
the pump laser diode. The AOM is triggered from a com-
mercially available MicroTCA.4-compliant board (NAMC-
psTimer, N.A.T.) of the EuXFEL timing system31, which is
used for the distribution of the accelerator clock and trigger
signals to every crate via optical links. Clock and trigger sig-
nals are distributed inside each MicroTCA crate via dedicated
timing lines of the backplane to other electronic boards or via
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Figure 4. Spectral distribution of the laser pulses from oscillator
(blue) and amplifier (red) measured with an optical spectrum ana-
lyzer. The bandwidth at 10% of the peak is indicated, representing
the approximate bandwidth useful for EOSD.
RJ-45 sockets to external devices as the AOM.
For EOSD, the spectral width directly determines both the
resolution and temporal range of the measurement3,9. Due
to the large product of bandwidth, dispersion and interaction
length in the fiber part, both the oscillator and amplifier pro-
duce chirped pulses with a length of up to 10 ps (FWHM).
The spectral phase of the oscillator is mainly linear and, there-
fore, the pulse length can easily be compressed with grating
compressors down to about 60 fs (FWHM). If properly pre-
chirped, the amplified pulses become short and the power den-
sity increases near the end of the fiber which leads to strong
non-linear effects and a broadening of the spectrum. The
broadened spectrum shifts from 1030 nm towards 1050 nm
and provides a bandwidth of almost 80 nm which can be used
for EOSD measurement. Typical spectral distributions of the
laser pulses recorded with an optical spectrum analyzer af-
ter the oscillator and amplifier are depicted in Fig. 4, and
the usable bandwidths are indicated. After the amplifier and
non-linear broadening of the spectrum, the spectral phase has
also lager contributions of higher order terms which compli-
cates the pulse compression. Nevertheless, the pulses can still
be compressed with grating compressors to less than 50 fs
(FWHM) but with some remaining pedestals. The parameters
of the laser are summarized in Table I.
Table I. Parameters of the Yb-fiber laser system.
Oscillator Amplifier
Average power 20 – 50 mW 5 – 100 mW
Repetition rate 54 MHz 0.1 – 2 MHz
Pulse length (compr.) 60 fs (FWHM) 50 fs (FWHM)
Pulse energy 0.4 – 1 nJ 5 – 100 nJ
Usable bandwidth 40 nm 40 – 80 nm
Central wavelength 1030 nm 1030 – 1050 nm
The laser pulses, for which the pulse energy can be adjusted
between 5 nJ and 100 nJ, are transported via a 6 m-long po-
larization maintaining optical fiber to the optics setup at the
e-
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Figure 5. Assembly drawing of the optics setup including the vacuum
feed-through and vacuum chamber at the electron beamline. IN: fiber
from laser; OUT1/2: fibers to spectrometer and photodiode; PBS:
polarizing beam splitter; λ/2 and λ/4: wave plates; GaP: gallium-
phosphite crystal.
accelerator beamline. Had the laser system been installed out-
side the EuXFEL accelerator tunnel, the fiber length would
have have been several 100 m. This would have introduced
second- and third-order dispersion which could not have been
compensated by a grating compressor alone,32 and the long
fiber would have added jitter and drift to the arrival time of
the laser pulses at the optics setup.
B. Optics setup at the electron beamline
A schematic drawing of the optics setup mounted to the
vacuum chamber at the electron beamline is shown in Fig. 5.
The GaP crystal and one mirror are placed inside the electron
beamline on a holder that is mounted on a motorized linear
motion vacuum feed-through. The feed-through also com-
prises a fused-silica window with an anti-reflection coating
for 1050 nm and an engineered baseplate (340 mm× 240 mm)
which is rigidly fixed to the feed-through and holds all optical
elements including the fiber couplers. In this way, the posi-
tion of the GaP crystal relative to all optical elements between
the fiber coming from the laser and the fibers going to the
spectrometer is fixed, avoiding any misalignment or timing
changes when the linear stage is moved to adjust the crystal
position with respect to the electron beam.
The first optical element after the fiber coupler connected
to the laser is a grating compressor which is used to adjust the
length and chirp of the laser pulses. The compressor consists
of two gratings with 1200 lines/mm, one of which is mounted
on a motorized stage, to be able to adjust the pulse length from
full compression to more than 5 ps (FWHM). The laser pulses
are guided by silver coated mirrors under a small vertical an-
gle inside the vacuum chamber to the GaP crystal (thickness
d = 2 mm) via an achromatic half-wave plate and polarizer to
optimize transmission and polarization. The laser pulses first
counter-propagate with respect to the electron bunches, en-
ter the GaP crystal on the anti-reflective coated rear side, and
are then reflected from the highly-reflective coated front side.
The reflected laser pulses now co-propagate with the Coulomb
field of the electron bunches which induce a modulation of
laser polarization inside the crystal. The laser pulses are re-
flected back through the vacuum window and pass through
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quarter-wave and half-wave plates to optimize the polariza-
tion for the measurement, and are then split into their orthog-
onal polarization components using a polarizing beam split-
ter. Both polarizations are coupled into fibers (denoted OUT1
and OUT2 in Fig. 5), which are connected to a spectrometer
for the measurement of the spectral distribution of the laser
pulses, and a photo-diode for coarse timing detection. The
spectrometer and read-out electronics may be placed outside
the accelerator tunnel; however, this would require an addi-
tional MicroTCA.4 crate for the read-out and introduce addi-
tional latency (5µs/km) and attenuation (1.5 dB/km) to the
laser pulses. A detailed description of the spectrometer is
given in Sec. III D.
C. Laser synchronization to RF reference
The Yb-fiber laser is synchronized to the RF reference of
the EuXFEL accelerator with the help of a motorized opti-
cal delay stage (for larger corrections of the repetition rate)
and a piezo fiber stretcher (for small but fast changes) inside
the laser oscillator. By changing the oscillator cavity length,
the repetition rate and relative timing of the laser pulses with
respect to the electron bunches can be adjusted. One of the
key components for a synchronization setup is the phase de-
tector, which measures the phase difference or, in the un-
synchronized state, frequency offset between the laser pulse
train and RF reference. In this paper, we present an advanced
phase detection scheme based on RF down-conversion to an
intermediate frequency (IF) which offers in comparison to di-
rect RF-sampling increased sensitivity of the phase detector.
A field-programmable-gate-array (FPGA) is used to imple-
ment a fully digital controller which enables implementation
of complex algorithms and access to various intermediate sig-
nals within the control loop. Other advantages of this scheme
are that detection of high-frequency signals can be avoided
and a vector-modulator is not required as phase shifter for tim-
ing scans.
The underlying principle of the down-conversion scheme
is based on the proper choice of a fundamental laser repeti-
tion rate, which needs to be the nth subharmonic of the RF
reference. The (n+ 1)th harmonic of the laser is then down-
converted with the RF reference, and the frequency of the
resulting sine-wave is the difference of the two frequencies,
which is exactly the fundamental laser repetition rate in the
case of a synchronized laser. An offset in the laser repetition
rate with respect to the synchronized case results in (n+ 1)-
times the frequency offset in the down-converted signal. For
a synchronized laser, the phase of the output signal will shift,
if a phase shift is introduced between the laser and the RF
reference, by (n+1)-times the introduced phase shift.
Figure 6 shows a block diagram of the Laser to RF syn-
chronization. To generate RF signals from the laser, an optical
signal (15 mW) is tapped off from the laser pulses in the Yb
laser oscillator and fed via fiber to the RF analog electronics
in a 19 ′′ chassis with 4 RU. A photodiode together with an
RF-splitter and band-pass filters are used to convert the laser
pulses into two RF signals at 54 MHz and 1354 MHz, which
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Figure 6. Block diagram of the laser synchronization to the RF ref-
erence including the Yb laser oscillator, RF analog electronics, and
MicroTCA.4 components.
are the fundamental and 25th harmonic of the laser repetition
rate, respectively. The master oscillator of the EuXFEL pro-
vides the RF reference of 1300 MHz to which the laser has to
be synchronized. The clock signal of 81 MHz for the analog-
to-digital conversion (ADC) of the down-converted signal is
generated from the RF reference with a low-noise divider to
avoid clock timing jitter.
The laser RF (1354 MHz), RF reference (1300 MHz),
and ADC clock signal (81 MHz) are fed from the analog
RF analog electronics to a down-converter board (DRTM-
DWC10, Struck Innovative Systeme GmbH) which is placed
as rear transition module (RTM) inside the MicroTCA.4
crate. The down-converted IF of 54 MHz and ADC clock
signal (81 MHz) are directly transmitted to a 10-channel
125 MSPS digitizer board (SIS8300L2, Struck Innovative
Systeme GmbH) located in the front-side of the crate. The
digital signal processing in the FPGA of the digitizer board
includes non-I/Q detection33 of the sampled signals, ampli-
tude and phase transformation, filtering, feedback controller,
and feed-forward tables. The output of the controller is trans-
mitted over low-latency links on the backplane of the Mi-
croTCA.4 crate to the neighboring board (DAMC-FMC20,
CAENels), which is a FPGA mezzanine card (FMC) car-
rier that handles the data transmission to the MicroTCA.4
compliant piezo driver board (DRTM-PZT4, Piezotechnics
GmbH).34 This RTM can drive up to four piezos in parallel
with capacitances of up to few µF. In this application, two
outputs are used to drive the piezo fiber stretcher and piezo
stepper motor stage inside the Yb laser oscillator for fine and
coarse tuning of the laser cavity length, respectively.
In order to detect the timing offset of the laser pulses with
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Figure 7. Phase noise spectra of the 25th harmonic (1354 MHz) of
the fundamental repetition rate (54 MHz) of the locked laser (green
curve), of the RF reference at 1300 MHz (blue curve), and the base-
band noise of the 24th harmonic (1300 MHz) of the laser mixed with
the reference (red curve). The rms jitter per decade is indicated with
colored numbers.
respect to the electron bunches, both the 54 MHz accelerator-
synchronous reference signal, generated by the timing card
inside the MicroTCA.4 crate, and laser RF of 54 MHz are
digitized by two ADCs directly, and their phase difference is
monitored. In a first step, the laser is synchronized using the
54 MHz Laser RF for setting the absolute timing on a picosec-
ond level and afterwards the signal input of the synchroniza-
tion control loop is swapped to the down-converted 1354 MHz
signal as the sensitivity to phase errors is 25 times larger here.
To scan the timing offset of the laser pulses, the phase set-
point of the controller can be varied infinitely with a speed of
up to 200 ps/s, depending on the gain of the control loop of
the synchronization.
The performance of the laser synchronization is limited by
the phase noise of the synchronized laser at the locking fre-
quency of 1300 MHz, from which the remaining integrated
timing jitter can be calculated. Figure 7 shows the in-loop
phase-noise of the laser RF (green curve) and RF reference
(blue curve) measured in a laboratory environment. It can be
seen that the locking to the RF reference has strong influence
to the laser up to 1 kHz offset frequency, i.e. the phase noise
curve of the laser RF follows the phase noise curve of the
RF reference for lower frequencies. Amplified noise and res-
onances in the feedback control loop prevent higher locking
bandwidths.
The baseband noise (red curve in Fig. 7) shows the differ-
ential timing jitter between the laser and RF reference mea-
sured independently (out-of-loop) with a 1300 MHz double-
balanced mixer at baseband. Several peaks can be identified,
the most prominent is located at 37 kHz and corresponds to the
piezo fiber-stretcher resonance. The plateau at higher offset
frequencies (>50 kHz) is caused by the limited noise perfor-
mance of the photo receiver. The spurious peaks at multiples
of 50 Hz result from ground loops in the measurement setup
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Figure 8. Spectra of three continuous-wave laser states (mean of
100 spectra each with background subtracted), measured with the
spectrometer and the KALYPSO detector. In lighter color the same
laser states are shown measured with an optical spectrum analyzer
(OSA) with a resolution of 0.02 nm.
and contribute considerably to the integrated jitter.
The total integrated timing jitter (rms) of the RF reference
and un-synchronized laser RF in the interval between 10 Hz
and 1 MHz were determined to be 75 fs and 80 fs, respec-
tively. The integrated differential jitter (rms) of the synchro-
nized laser to the RF reference (baseband) amounts to 29 fs.
D. Grating spectrometer with MHz linear array detector
KALYPSO
For the measurement of the spectral distribution of the
chirped laser pulses, one polarization component is sent via
an optical fiber to a custom-made grating spectrometer (see
Fig. 2). The spectrometer is built from standard, commer-
cially available optics and housed in a 19 ” chassis with
3 RU. A fiber-coupled collimator illuminates a 2 ” grating
with 600 lines/mm, and the first order of the diffracted light is
focused by two cylindrical lenses onto the InGaAs microstrip
sensor of the linear array detector KALYPSO,21 which has
been designed for EOSD at EuXFEL and the storage ring of
the Karlsruhe Research Accelerator (KARA)13 with continu-
ous data read-out at frame rates of up to 2.7 MHz.
The spectral resolution was designed to match the pixel
size of 50µm of the KALYPSO line array and to cover about
0.2 nm/pixel. To verify this, Fig. 8 shows three spectra, mea-
sured with the Yb-fiber laser operating in continuous-wave
mode, which have a bandwidth of less than 0.05 nm. How-
ever, a calibration in wavelength is not necessary as pixels
can be calibrated directly to time (see IV A). The achievable
time resolution of the EOSD setup is dominated by the phase
matching of the THz field of the electron bunches and laser
pulses in the GaP crystal (see Sec. II). In comparison, the
resolution of the grating in combination with the finite pixel
width of the KALYPSO detector is negligible.
The detector system35 consists of three main components:
(i) The KALYPSO mezzanine card with the radiation sensor
and ADC, which is mounted on (ii) the FMC carrier board
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for data acquisition from the ADC and data transmission to
(iii) a MicroTCA.4 board for integration into the EuXFEL
accelerator control system. The radiation sensor on the KA-
LYPSO mezzanine card is a commercially available InGaAs
microstrip sensor (ELC-002256, Xenics) which is sensitive in
the wavelength range 0.9µm to 1.7µm. The current version
has a total of 256 microstrips with a channel pitch of 50µm
and a height of 500µm. Each microstrip of the InGaAs sen-
sor is bonded to an input channel of two pieces of a mod-
ified version of the GOTTHARD chip36 that comprise ana-
log signal amplification and 16:1 multiplexers. The resulting
16 differential outputs of both GOTTHARD chips are routed
16-channel ADC (AD9249, Analog Devices) with 14-bit res-
olution that is operated at a sampling rate of 54 MHz. The
number of effective bits that can be used of the 14-bit ADC
amounts to 12.7 bits, i.e. a range of about 6800 ADC counts.
Compared to the original GOTTHARD chip, the correlated-
double-sampling stage and automatic gain switching mecha-
nism have been omitted in order to achieve a maximum frame
rate of 2.7 MHz.
The FMC carrier board incorporates a FPGA for data ac-
quisition from the ADC on the KALYPSO mezzanine card
and fast data processing. The data transmission and con-
trol of the FMC carrier can be realized via four optical links
(each providing a data rate of up to 6.5 Gbps) with a com-
mercially available MicroTCA.4-compliant board (MFMC,
AIES) equipped with a FMC board (FMC-2SFP+, CAENels)
for fast SFP communication. For this application, one opti-
cal link is sufficient, and the total latency for real-time data
acquisition and processing of one frame with 256 pixels is
less than 1µs. Clock and trigger signals for electron bunch
synchronous data acquisition of the laser pulse spectra are
provided by the NAMC-psTimer card. The clock signal is
cleaned from jitter in a phase-locked loop on the FMC car-
rier board and then provided to the FPGA as well as the two
GOTTHARD chips and ADC on the KALYPSO mezzanine
card.
IV. EXPERIMENTAL RESULTS
All measurements presented in this section have been per-
formed parasitically during X-ray photon delivery to user ex-
periments or for the commissioning of photon beamlines un-
der lasing conditions of the EuXFEL. The data was taken
downstream of the second bunch compressor at electron
beam energies of 700 MeV and bunch charges of 480 pC and
240 pC, respectively. Measurements with single-bunch reso-
lution for every bunch in the bunch train are possible at bunch
repetition rates of 1.13 MHz or 2.26 MHz, whereas for accel-
erator operation at the maximum repetition rate of 4.5 MHz
only every second bunch can be measured.
A. Measurement procedure and time calibration
To deduce the longitudinal bunch profile from the measured
laser spectrum that is modulated by the Coulomb field of the
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Figure 9. 1000 consecutive KALYPSO lines recorded with 1.13 MHz
around one electron bunch train at the EuXFEL (left). The aver-
aged background signal, the averaged unmodulated laser spectrum
and one laser spectrum modulated by an electron bunch (right).
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Figure 10. The calculated normalized signal modulation from the
120 electron bunches of the data-set of Fig. 9 (left), and normal-
ized signal traces of three individual bunches out of the bunch train
together with Gaussian fits to the longitudinal profiles (right). The
traces have been off-set by 0.2 for better visibility.
electron bunch, the modulated spectrum Im has to be normal-
ized to the unmodulated laser spectrum Iu and detector back-
ground Ibg has to be subtracted to get the normalized signal
modulation
Smod =
Im− Ibg
Iu− Ibg −1 . (2)
The MHz line detector KALYPSO offers the possibility of
measuring the modulated and unmodulated laser spectra as
well as detector background for every bunch train. As an ad-
vantage, repetitive noise originating from the laser amplitude
can be removed by filtering in Fourier space.
Figure 9 shows the recorded data for a single bunch train at
a repetition rate of 1.13 MHz and a bunch charge of 480 pC.
The recording starts 100 frames before the first electron bunch
in order to acquire unmodulated laser spectra, which are fol-
lowed by 500 laser spectra, of which 120 are modulated by
electron bunches, and a number of frames without laser pulses
present to measure the detector background including some
amplified spontaneous emission (ASE) from the laser ampli-
fier. The averaged background and averaged unmodulated
laser spectrum (Fig. 9, right) are used to calculate the nor-
malized signal modulation Smod (according to Eq. 2) which is
plotted as a color-code image in Fig. 10 (left) for a bunch train
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Figure 11. 2D plot of single-shot EOD traces (vertical) taken at dif-
ferent laser timings (horizontal). The black line represents the result-
ing time calibration is obtained from a cubic fit.
of 120 bunches. The half-wave plate in front of the polarizer
was set to θ = 15◦ relative to cross polarization, which is suf-
ficient to have Γ θ and therefor Γ ∝ ETHz. The normalized
signal modulation, which is proportional to ETHz and hence
the longitudinal bunch profiles, of three individual electron
bunches are depicted in Fig. 10 (right) together with Gaussian
fits to the profiles. The measured bunch lengths (rms) vary
between 376 fs and 396 fs. The electron bunches are followed
by wakefields, which are also seen by the GaP crystal. Their
transverse components lead to a small negative dip after the
signal of the electron bunch, followed by additional small sig-
nals for several tens of picoseconds. Wakefields are caused
by diffraction and reflection of the Coulomb field at diame-
ter changes or other impedance changes inside the electron
beamline upstream of the GaP crystal.
The time calibration applied in Fig. 10 can be deduced from
the laser chirp, which is defined by the initial chirp of the
pulses from the Yb-fiber laser in combination with the set-
ting of the grating compressor at the accelerator beamline, by
scanning the laser pulse relative to the electron bunch at sta-
ble accelerator conditions. This is demonstrated in Fig. 11.
The laser synchronization allows sub-picosecond time steps
with high accuracy, and the resulting shift of the bunch sig-
nal in the laser spectrum allows a calibration of each detector
pixel to time. For each EOSD trace, the center position of
the main peak is identified and mapped to the corresponding
timing from the laser synchronization. The resulting time cal-
ibration is obtained from a cubic fit and shown as black line in
Fig. 11.
B. Longitudinal bunch profile and arrival time measurements
The bunch lengths and arrival times of individual electron
bunches in a train of 475 bunches measured at a repetition
rate of 1.13 MHz and a bunch charge of 240 pC are shown in
Fig. 12 as red dots together with the mean values (gray lines)
and standard deviation (gray areas) of 500 consecutive bunch
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Figure 12. Bunch length (rms, top) and arrival time (bottom) of the
individual electron bunches (red dots) along the bunch train with a
bunch repetition rate of 1.13 MHz. The mean values (gray lines) and
standard deviation (gray areas) have been calculated from a series of
500 consecutive bunch trains.
trains for each bunch number. The bunch lengths change from
420 fs at bunch number 100 to 400 fs towards the end of the
bunch train. These values are larger than the predicted de-
sign value about 230 fs but in good agreement with predic-
tions from simulation codes for the given parameters of the
accelerator.
The bunch arrival times exhibit a strong shift of about 250 fs
over the bunch train. This is most probably caused by a slope
in beam energy over the bunch train, which leads to different
beam path lengths in the bunch compressor chicanes. The
standard deviations of the bunch lengths and bunch arrival
times are about 17 fs and 35 fs, respectively.
The measured arrival-time jitter (rms) of about 35 fs is com-
posed of contributions from the bunch arrival as well as re-
maining timing jitter of the laser pulses originating from the
laser synchronization to the RF reference. As the latter contri-
bution has been determined to be about 30 fs (see Sec. III C)
and is thus the main contribution to the measured arrival-time
jitter, it can be concluded that the actual bunch arrival-time
jitter at this location is considerably smaller. In addition, any
remaining bunch arrival-time jitter originating from the photo-
injector will be reduced in the subsequent bunch compression
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chicane. Hence, the bunch arrival-time jitter at the undula-
tor beamline, which determines also the arrival-time jitter of
the X-ray pulses, is expected to be well below 30 fs, which
has been corroborated by first results obtained with a bunch-
arrival-time monitor that is currently under commissioning.37
First studies38 on the timing jitter (rms) between the X-ray
pulses and a synchronized optical laser for pump-probe ex-
periments yielded a value of 308± 36 fs, and, in conclusion,
the major contribution of this jitter can be attributed to the
arrival-time of the pump-probe laser pulses. An optical syn-
chronization system39 has recently been taken into full oper-
ation and will facilitate arrival-time stabilities of below 10 fs
for the electron bunches and respective X-ray pulses.
V. CONCLUSION
A MHz-repetition-rate EO detection system based on spec-
tral decoding has been developed to detect THz pulses with
a single shot resolution of better than 200 fs. It was designed
compact and robust to serve as an electron bunch length and
arrival time monitor for full remote operation inside an ac-
celerator environment. Apart form the optics setup mounted
to the electron beamline, all other sub-systems have been de-
signed to fit into 19 ” chassis for installation in temperature-
stabilized and radiation-shielded racks below the electron
beamline.
A compact Yb-fiber laser system has been optimized for a
broad spectral range which fits the needs of the spectral decod-
ing technique. Synchronization of the Yb-fiber laser to the RF
reference of the accelerator with an accuracy of about 30 fs has
been demonstrated with a fully-digital controller based on an
advanced down-conversion scheme, which has been realized
with commercially available MicroTCA.4 components. The
layout of the optics setup, which comprises the vacuum feed-
through with the crystal holder inside the accelerator beam-
line, enables a positioning of the GaP crystal with respect to
the electron beam without changing the time delay between
the laser pulses and electron bunches. The spectrometer has
been equipped with the novel MHz line detector KALYPSO
to be capable of recording single-shot measurements at rep-
etition rates of up to 2.26 MHz over full bunch trains. Diag-
nostics with MHz read-out rates will also become essential for
future high repetition rate XFELs.40,41
First measurement results of the longitudinal bunch profile
and arrival time have been obtained downstream of the sec-
ond bunch compressor chicane at a beam energy of 700 MeV
and bunch charge of 240 pC. The measured single-shot bunch
lengths range from 400 fs to 420 fs over the bunch train and
are larger than design values but in good agreement with pre-
dictions from simulation codes for the actual accelerator set-
tings. The measured bunch arrival-time jitter (rms) of about
35 fs can mainly be attributed to the timing jitter originating
from the laser synchronization and represents an upper limit
for the true bunch arrival-time jitter after the second bunch
compressor.
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